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Sources of imbalance in an EnKF

• Linear operations when balances are nonlinear

• Analysis is in subspace spanned by ensemble

• Covariance inflation (small)

• Background ensemble

• Approximations

• Sampling error

• Covariance localisation

• Mixed-mode (i.e. real) observations

• Introduced imbalance

• Model error term

• Blend with 3d-var covariances (“hybrid schemes”)

• Initialisation balance ≠ model balance (hopefully small)

• Can be hard to diagnose cause in a full system (Houtekamer and Mitchell 2005)
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Covariance Localisation (A necessary evil)

• Pb
eH

T and HPb
eH

T need localisation.

• Localisation eliminates the effect of 
sampling error at large distance (but 
not small).

• Localisation introduces imbalance.

True covariance (red)

Ensemble-estimated covariance (blue, 100 members)

Localising function (black, Gaspari and Cohn 1999)

Localised ensemble covariances (blue)
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Better localisation

• Covariances involving streamfunction ψ and velocity 
potential χ are more isotropic than those involving (u, v)

• Long assimilation experience

• Balance equations relate grad(φ) to grad(ψ)
• e.g. geostrophy, nonlinear balance equation

• Localising in (ψ, χ) rather than (u, v) space will be less 
severe on balance, 

• because grad(φ) and grad(ψ) will increase by similar amounts, and 

• because covariances in (ψ, χ) are more isotropic than in (u, v).
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Performance in shallow-water test system

• Identical twin experiments, global 
spectral shallow-water model, various 
localisations.

• New localisations are substantially more 
accurate

• and better balanced. 

• Kepert (2009, QJRMS in press).

standard localisation in (φ,u,v)-space (blue)

improved localisation in (φ,ψ,χ)-space (red)

with χ cross-covs = 0 (green)



The Centre for Australian Weather and Climate Research
A partnership between CSIRO and the Bureau of Meteorology

Questions

• Does using the full VAR-style variable transformations in the 
covariance localisation yield further gains?

• i.e. using φunbal in place of φ.

• Is it better to analyse into (φ, u, v)-space, or into (φ, ψ, χ)-space, or 

into (φunbal, ψ, χunbal)-space?
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Linear Regression
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Experimental Design

• Global spectral shallow water model of Bourke (1972) at T31.

• Includes nonlinear balance equation solver.

• Includes nonlinear normal modes initialisation.

• Simplest model to have main atmospheric balances.

• Identical twin with 60-day truth run

• Start from ERA-40 analysis for 500 hPa 18 Jan 1962.

• Analyse last 30 days of assimilation cycle.

• Obs network based on 50% of global radiosondes.

• Observe (φ,u,v) 12-hourly.

• Height error = 100 J/kg, wind error = 5 m/s.

• Standard perturbed-obs EnKF with covariance inflation, various ensemble sizes.

• Tune localisation length and covariance inflation to minimise errors.

• Verify spread using rank histograms.

• Balance-aware localisation

• Analyse to (φr, ψ, χ), (φ, ψ, χ) or (φ, u, v)
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Skill and balance scores

• Grey = previous localisations

• circles = standard localisation

• triangles, squares = localise in (ψ, χ)-

space

• Colour = balance-aware localisation

• blue = analyse to (φr, ψ, χ)

• green = analyse to (φ, ψ, χ)

• red = analyse to (φ, u, v)

• Balance-aware localisation 
outperforms previous effort.

• Analysing to (φr, ψ, χ) is slightly less 

accurate, but clearly better balanced.

• Little difference between analysis to 

(φ, ψ, χ) and (φ, u, v).
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Ease of tuning

• 16 members

• covariance inflation = 2%

• various localisation lengths

• 6 different EnKFs

• Generally the new localisations are 
penalised less for mis-tuning than the 
old.

• The EnKFs with balance-aware 
localisation also have less variation in 
tuning parameters if tuned for tropics, 
northern hemisphere, or southern 
hemisphere instead of for global 
scores.
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• 32 members, comparing no-

NNMI to with-NNMI 

assimilation.

• Largest difference for 

standard localisation.

• Generally smaller difference 

for balance-aware 

localisation.

• (φr, ψ, χ) is the best-

balanced version, and its 

scores deteriorate when 

NNMI included.

Impact of initialisation

5.82161125.9229
Bal-awr loc.,

(φ, u, v)

5.82111155.9229
Bal-awr loc.,

(φ, ψ, χ)

6.1230916.0225
Bal-awr loc.,

(φr, ψ, χ)

5.92191136.1239(φ,ψ)(χ)-loc.

5.92171106.1236(φ, ψ, χ)-loc.

5.72081826.2264
Standard 

loc.

STDE 
(u,v)
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φ

Bal.STDE 
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STDE 
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With NNMINo NNMI



The Centre for Australian Weather and Climate Research
A partnership between CSIRO and the Bureau of Meteorology

Conclusions (so far …)

• Balance-aware covariance localisation leads to more accurate and better 
balanced analyses.

• Using the full VAR variable transformations in the localisation is a good idea.

• Analysis to unbalanced φ is slightly less accurate, but better balanced, 

than analysis to full φ.

• Accuracy loss because φ analysis comes from …

• φ obs impact ψ and φr via ensemble stats, 

• ψ then gives φb via NLB equation, φ = φb + φr.

• Balance gain from explicit NLB.

• Balance-aware EnKFs seem to be less sensitive to tuning, observation 
density, etc than old.

• Incorporating NNMI makes (φr, ψ, χ)-analysis less accurate.

• (φr, ψ, χ)-analysis without balance-aware localisation is disastrous.


